Motivation: A central task of bioinformatics is to develop sensitive and specific means of providing medical prognoses from biomarker patterns. Common methods to predict phenotypes in RNA-Seq datasets utilize machine learning algorithms trained via gene expression. Isoforms, however, generated from alternative splicing, may provide a novel and complementary set of transcripts for phenotype prediction. In contrast to gene expression, the number of isoforms increases significantly due to numerous alternative splicing patterns, resulting in a prioritization problem for many machine learning algorithms. This study identifies the empirically optimal methods of transcript quantification, feature engineering and filtering steps using phenotype prediction accuracy as a metric. At the same time, the complementary nature of gene and isoform data is analyzed and the feasibility of identifying isoforms as biomarker candidates is examined. Results: Isoform features are complementary to gene features, providing non-redundant information and enhanced predictive power when prioritized and filtered. A univariate filtering algorithm, which selects up to the N highest ranking features for phenotype prediction is described and evaluated in this study. An empirical comparison of pipelines for isoform quantification is reported by performing cross-validation prediction tests with datasets from human non-small cell lung cancer (NSCLC) patients, human patients with chronic obstructive pulmonary disease (COPD) and amyotrophic lateral sclerosis (ALS) transgenic mice, each including samples of diseased and nondiseased phenotypes.
Introduction
Comprehensive analysis of high-throughput sequencing data remains a challenging task due to the inherent complexities of genetic transcript analysis from next-generation sequencing data (Kanitz et al., 2015 ). An especially difficult aspect is the accurate estimation of gene and isoform transcript expression in RNA-Seq data (Liu et al., 2014) . Several methods have been developed which claim to approach the problem with an empirically superior algorithm; however, an objective analysis using non-simulated data is often difficult (Leng et al., 2013; Trapnell et al., 2011; Wang and Cairns, 2014) .
In RNA-Seq, 'reads' represent sequenced transcript fragments. The total number of reads aligning to each transcript is quantified as counts. It is difficult to verify isoform expression because correlation with phenotypes is rarely annotated in genomic databases and comprehensive validation using PCR is unrealistic. An optimal pipeline for isoform expression quantification is necessary in order to apply the full potential of high-throughput sequencing data to biomedical analysis (Kanitz et al., 2015) . However, distinct algorithm design and the loss of biological validation make analyses of isoform expression algorithms difficult (Leng et al., 2013; Trapnell et al., 2011; Wang and Cairns, 2014) .
Processing samples using RNA-Seq technology captures the expression of genes and isoforms, generated by alternative splicing (Li and Dewey, 2011; Trapnell et al., 2011; Wang and Cairns, 2014) . Previous methods of comparing transcript quantification and differential expression techniques have relied on the analysis of falsediscovery rates and commonly identified alternative splicing patterns (Liu et al., 2014) . An objective method to compare algorithms that quantify transcript expression is to measure the ability of machine learning techniques to predict the phenotype of biological samples processed with each algorithm (Anderson et al., 2014) . Prediction accuracy can be used as a metric to determine which tool most reliably quantifies expression.
Two of the most utilized transcript assembly and differential expression pipelines include Tophat/Cufflinks and RSEM/EBSeq (Leng et al., 2013; Trapnell et al., 2011) . These approaches utilize varying statistical methods, each claiming to optimally address the challenge. SeqGSEA is another differential expression and alternative splicing platform that has yielded competitive results with respect to the two well-established pipelines (Wang and Cairns, 2014) . The state-of-the-art nature of these tools provides a convincing argument to focus a comprehensive analysis on these three methods.
These tools quantify expression for a massive number of transcripts. Feature selection and filtering can reduce the massive number of gene and isoform features to a subset that efficiently represents the original data. Machine learning algorithms such as Sparse Partial Least Squares (Chun and Keleş, 2010) , Elastic Net (Zou and Hastie, 2005) and Random Forest (Liaw and Wiener, 2002) may be overwhelmed by noisy datasets due to over-fitting. Therefore, a method to rank these features and select those which best represent the quantitative distance between phenotypes may increase prediction accuracy.
This article describes an empirically optimal method for phenotype prediction, revealing the critical nature of isoforms as features and recommending RSEM as a transcript quantification tool. Our most valuable predictors (MVP) filtering algorithm, increases prediction accuracy and suggests that filtering may allow researchers to focus validation on a relatively small number of transcripts. Our analysis shows that isoforms are complementary to genes, providing non-redundant information and enhanced predictive power.
An analysis of phenotype prediction utilizing both gene and isoform transcripts requires the investigation of distinct transcript quantification methods, a novel investigation of the feature engineering of count-based isoforms into fractional-based isoforms, the MVP univariate filtering method and the evaluation of multiple machine learning algorithms. Comparisons between these pipelines are reported in this paper and recommendations for the optimal pipeline are provided along with a R-based implementation of the pipeline and MVP filtering method.
Methods
Three datasets of varying size were used to compare the pipelines generated for this analysis and to empirically develop our MVP filtering method. Included were datasets from human non-small cell lung cancer (NSCLC) patients, human patients with chronic obstructive pulmonary disease (COPD) and samples of pure corticospinal motor neuron populations isolated from amyotrophic lateral sclerosis (ALS) transgenic mice, each including samples of diseased and non-diseased phenotypes. Feature engineering from count-based isoform expression to fractional-based isoform expression is mathematically defined, and we discuss the utility of filtering/feature selection, including the MVP filtering method. We describe the datasets in detail and outline the alignment and transcript quantification processes using the Tuxedo Pipeline, RSEM/EBSeq and SeqGSEA. Finally, the selected machine learning algorithms and differential expression are reviewed.
MVP filtering algorithm
The MVP method filters gene or isoform expression tables with two phenotypes and sample replicates to prioritize features for phenotype prediction. Before calculating distribution distance, MVP drops features with null or zero expression in any sample. Each feature in the cross-validation test set is guaranteed, therefore, to have nonzero expression, which improves estimates of the sample mean and variance. Filtering the entire dataset for non-zero values does not bias the phenotype distributions as it is permutation invariant. The MVP method only ranks features that have a P-value < a determined by a t-test between phenotypes of the training set samples.
For each significant feature, normal distributions P 1 and P 2 are modeled for the phenotypes with corresponding means l 1 , l 2 and variances r 2 1 ; r 2 2 . The quantity r ranks features by distance between distributions such that increasing separation between means and decreasing total variance increases r score:
The quantity r orders features similar to P-values generated by the t-test. However, the r quantity is designed to rank features in order of value as predictors by quantifying the distance between phenotype distributions, which may result in a better selection of features compared to P-value alone.
MVP Algorithm:
1. Input dataset with phenotypes P 1 and P 2 2. Retain only features where all samples have non-zero expression 3. Retain only features where all samples have non-null expression 4. Perform a t-test on all remaining features between P 1 and P 2 training set samples 5. For all features with P-value < a: calculate quantity r using estimates of l 1 , l 2 and r 1 2 ; r 2 2 from the training set phenotype distributions 6. Select the features with one of the N highest r values as predictors, where N is the number of desired features.
Feature engineering
In addition to the massive number of isoforms, the robustness of isoform data can be increased by engineering count-based isoform expression to fractional-based isoform expression. Gene expression G, count-based isoform expression C and fractional-based isoform expression F are defined as follows: let C ij be the total read count for isoform i 2 I j where I j is the set of isoforms of gene j 2 J, and J is the set of all genes. Read count of gene j is (1). Fractional-based expression of each isoform i of gene j is therefore (2).
Fractional-based isoform expression provides a normalization of isoform expression proportional to the corresponding gene expression. If the expression of all isoforms remained proportional in relation to the gene expression, fractional-based expression can retain the proportionality even in the case of extreme read counts in a sample. This may reduce the impact of samples with outlying read coverage which can impede the accurate estimation of phenotype distributions. Gene data may not be engineered into fractional data and therefore fractional-based isoform features may also be complementary to gene features.
Datasets
2.3.1 NSCLC Non-small cell lung cancer RNA samples were taken from 21 patients with clinical outcomes determined by the American College of Surgery Oncology Group (Anderson et al., 2014) . Ten of these patients were diagnosed as disease free and 11 were diagnosed with relapse within 3 years of initial surgical resection. A total of 100-200 ng of total RNA was used to prepare libraries using the Illumina protocol for the TruSeq RNA Sample Prep Kit. These RNA-Seq libraries were paired-end sequenced on a HiScanSQ with 2 Â 100 cycles and three samples per lane. The quality and adapter content of the paired-end sequences was measured with FASTQC (Patel and Jain, 2012) . Trimmomatic 0.33 (Bolger et al., 2014) (Kim et al., 2015) . Ten replicates of each phenotype were randomly selected and the records were obtained using the SRAToolkit v2.5.2 to create a dataset similar in size to the NSCLC dataset (Leionen et al., 2011) . This study focuses on the analysis of small/medium size datasets in terms of replicates, even though the COPD dataset offers the opportunity to increase the number of replicates used. These samples had previously been processed as.bam files aligned to the hg19 human genome (UCSC) using Tophat v2.0.0 and as paired end.fastq files for transcriptomic alignment using RSEM v1.2.25.
ALS
UCHL1-eGFP mice were generated to visualize and purify corticospinal motor neurons (CSMN) from the motor cortex, and CSMN identity of eGFPþ neurons was previously confirmed (Yasvoina et al., 2013) . hSOD1G93A-UeGFP mice were generated by crossbreeding UCHL1-eGFP with hSOD1G93A mice at Northwestern University. Both healthy (n ¼ 4) and diseased (n ¼ 4) CSMN were isolated from motor cortex upon cortical dissociation and FACSmediated purification approaches at postnatal day 90, using previously established protocols (Ozdinler and Macklis, 2006) . The generated mRNA was converted to a cDNA library using reverse transcription. The samples were sequenced at Iowa State University on an Illumina HiSeq 2500 after cDNA library-prep using Nextera's DNA Sample Preparation Kit. All eight samples were paired-end sequenced in one lane. The quality and adapter content of the paired-end sequences was measured with FASTQC (Patel and Jain, 2012) . BBMap v35.85 was used to remove contaminated sequences (Bushnell, 2015) . Trimmomatic 0.33 (Bolger et al., 2014) removed the detected adapter content and the sequences were trimmed using the following settings: ILLUMINACLIP:nextera.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:40.
Alignment and transcript quantification
The Tuxedo v2.2.1 pipeline begins with Tophat which runs Bowtie2 to align trimmed sequences to a reference genome (Trapnell et al., 2011) . The human bowtie indices were created from the hg19 human genome (UCSC) and the mouse bowtie indices were created from the mm10 mouse genome (UCSC). Tophat v2.0.0 was run with the default settings. CuffLinks assembled the transcripts using the corresponding genome GTF file as a reference. CuffMerge condenses each sample's transcripts into a set which can be compared across all samples and the resulting GTF file was used as a reference for the CuffQuant and CuffDiff steps (Trapnell et al., 2011) . RSEM v1.2.25 ran Bowtie2 to align reads to the transcriptome which was constructed from the human hg19 and mouse mm10 reference genomes and the corresponding GTF file which annotates gene and isoform transcripts. RSEM was run with the default settings, but Bowtie2 was selected for alignment rather than Bowtie. RSEM assembles the transcripts and calculates their abundance using rsem-calculate-expression (Li and Dewey, 2011) . The data tables created for each dataset containing the expected counts of genes or isoforms were each piped into EBSeq and normalized (Leng et al., 2013) .
SeqGSEA requires.bam files synthesized from genomic alignment (Wang and Cairns, 2014) . The files created by Tophat were used to provide input for SeqGSEA. SeqGSEA calculates expression levels on exon counts using a supplemental Python script provided with the SeqGSEA R package. The exon counts were calculated from the Tophat.bam files and the human hg19 and mouse mm10 GTF files. SeqGSEA detects gene expression by totaling the expression of all exons in each gene.
Differential expression
Due to the variation in differential expression algorithms by the Tuxedo Pipeline, EBSeq and SeqGSEA, a t-test was used to identify differentially expressed transcripts quantified and normalized by each tool. SeqGSEA was particularly problematic because it does not provide P-values for its transcripts, rather ranks the transcripts in order of predicted biological relevance. Therefore, a t-test was used to identify differentially expressed features for input to the machine learning algorithms. The t-test provided consistent differential expression compared to using each tool's individual differential expression algorithm, which would have otherwise confounded the analysis of each transcript quantification method.
Machine learning algorithms
The following machine learning algorithms were chosen to perform the phenotype predictions. Random Forest was implemented from the 'randomForest' R package (Liaw and Wiener, 2002) . The Elastic Net was run using the 'glmnet' R package (Friedman et al., 2010; Zou and Hastie, 2005) . Each pair of predictions was based on a cross-validated Elastic Net fit which automatically selected the optimal lambda level and feature number. The SPLS algorithm implementation came from the 'mixOmics' R package (Chun and Keleş, Feature selection for phenotype prediction i423 2010; Dejean et al., 2011) . Each pair of predictions was based on a cross-validation test to select the optimal eta and kappa parameters.
Evaluation
In order to empirically compare multiple pipelines using various methods of transcript quantification, feature engineering, filtering and machine learning algorithms, the prediction accuracy of each pipeline may be compared via receiver operating curve (ROC) analysis. The ROC can be generated from the sensitivity and specificity of phenotype prediction (Robin et al., 2011) . For each pipeline comparison, cross-validation is used to create ROC curves and measure AUC. Below is an explanation of the leave-two-out cross-validation setup and summary of the pipeline comparison tests performed.
Cross-validation
To measure the predictive accuracy of each phenotype prediction pipeline, it is important to perform many predictions using the selected machine learning algorithms to quantify the sensitivity and specificity of the predictions. Using the pipelines for each dataset provides further information and comparison for each method. To perform leave-two-out cross-validation tests on each dataset, one sample of each phenotype is dropped iteratively while the remaining samples form the training set. Leave-two-out tests provide a robust estimation of the accuracy of each pipeline for phenotype prediction. The differential expression, filtering and machine learning steps are performed on the training set to select genes or isoforms that best represent the quantitative difference between the phenotypes. Then, the machine learning algorithm predicts the phenotypes of the dropped samples. By iterating through all possible training sets for a dataset, a robust analysis of the predictive accuracy of each pipeline is recorded in a ROC curve. This is generated from the sensitivity and specificity of the leave-two-out cross-validation test predictions. The AUC is a value between 0 and 1 that represents the accuracy of the predictions and is used in this study to compare the effectiveness of phenotype prediction pipelines.
Pipeline comparisons
Possible pipelines were permuted by selecting one option from each of the following steps. For each dataset, the 54 resulting pipelines were compared via leave-two-out cross-validation prediction tests.
• Transcript Quantification Method: Cufflinks, RSEM, SeqGSEA 
Results and discussion
To incrementally determine the optimal pipeline through analysis of the empirical data, the following questions must be answered:
1. Which method reliably quantifies transcripts by producing consistently high AUC scores? 2. Does the MVP filtering method enhance or decrease prediction accuracy? 3. Which feature produces the most accurate predictions? 4. Which machine learning algorithm most consistently performs better or equal to the others? 5. Are isoform features redundant or complementary to gene features?
The answers to these questions will be investigated in the following sections by analyzing the AUC scores generated via leave-twoout cross-validation prediction tests on each dataset.
Transcript quantification
Transcript expression quantification, the calculation of read abundance for both genes and isoforms, is a difficult task. The optimal statistical technique required for this task is still being explored (Leng et al., 2013; Trapnell et al., 2011; Wang and Cairns, 2014) . One goal of this study is to determine whether Cufflinks, RSEM or SeqGSEA consistently produces the highest phenotype prediction accuracy as a result of a superior transcript quantification algorithm.
Our study compares the AUC scores generated by pipelines including each transcript quantification tool with and without the MVP filter method (Fig. 1) . Pipelines using RSEM for transcript quantification and the MVP filtering method for feature selection had significantly higher AUC scores than pipelines using the other transcript quantification methods.
We have compiled detailed descriptions of pipelines and corresponding AUC scores (Tables 1-3 ). For many of the pipelines processed using Cufflinks for transcript quantification, the AUC scores were comparable to those using RSEM when analyzing the ALS and COPD datasets (Tables 1 and 2) . RSEM, however, performed better on the NSCLC dataset compared to both Cufflinks and SeqGSEA, especially when predictions were generated from fractional-isoform based data (Table 3) . It is likely that AUC scores had large variability when using SeqGSEA due to the large number of exons in any dataset making even more difficult the challenge of selecting reliable features (Fig. 1) .
The significant increase in prediction accuracy when using RSEM for transcript quantification and the MVP filter for feature selection suggests that an optimal pipeline for phenotype prediction should include these options. Fig. 1 . Phenotype prediction by pipelines using variable transcript quantification tools and filtering. AUC values were generated by running each dataset (NSCLC, ALS, COPD) through 54 pipelines that varied in transcript quantification tool, feature type (gene, isoform count, isoform fraction), use of filtering and machine learning algorithm (Random Forest, Elastic Net, SPLS). Predictive results are shown grouped by dataset, transcript quantification tool and use of filtering
MVP filtering
This analysis confidently shows MVP filtering consistently enhances the prediction accuracy of each feature type across all datasets when using RSEM for transcript quantification. The mean AUC score for phenotype predictions in each dataset increased when using the MVP filter (Fig. 2) . Reducing the feature size per iteration from greater than 1000 on average to 50, with a general increase in accuracy, is more efficient and a significant improvement in feature selection. This is further evidence for the inclusion of a filtering method such as MVP in the development of an optimal phenotype prediction pipeline.
The selection of the top 50 features ranked by the MVP filtering method may provide important biomarker candidates to CuffDiff. The promising genes and isoforms may be further processed using qPCR to validate biological importance.
Features and feature engineering
Isoform data has not traditionally been included in phenotype prediction. This analysis shows that both count-based isoform data and fractional-based isoform data are competitive in regard to gene expression data and even have enhanced prediction accuracy. The AUC scores of pipelines based on each feature when using RSEM for transcript quantification were compared (Fig. 3) . Count-based isoform expression data using the MVP filtering method generated many of the highest AUC's in this analysis (Tables 1-3 ). The enhancement compared to gene expression data may result from the increased number of features that exist compared to genes alone. This result may also implicate the largely overlooked active isoforms that are involved in phenotype expression.
Fractional-based isoform expression produced AUC scores comparable to those of count-based isoform data (Fig. 3) . Fractional- based AUC's seem to be superior when analyzing datasets with features that have outlier expression counts, such as the NSCLC dataset where many outliers were detected using iLOO (George et al., 2015) ( Table 3) . Fractional-based isoform data quantified by RSEM with MVP filtering produced the only viable AUC scores in the NSCLC dataset (Table 3 ). The proportional normalization of each isoform in regard to corresponding gene expression may reduce the impact of extreme read counts and outliers. This may make differential expression tests more reliable in such cases and supports the case for performing phenotype prediction from fractional-based isoform data.
Machine learning algorithms
Both the Random Forest and Elastic Net machine learning algorithms produced promising results across the datasets, especially after MVP filtering (Fig. 4) . SPLS was more variable than both Random Forest and Elastic Net, and produced several NA results when SPLS failed due to low variance features. Random Forest generated the highest observed AUC scores after MVP filtering. The Elastic Net consistently produced results within range or superior to Random Forest, and produced much greater scores in several datasets where Random Forest and SPLS did not generate accurate predictions (Fig. 4) . Due to the fact that the Elastic Net performed more consistently on all datasets (Tables 1-3 ) and generated AUC scores comparable in accuracy to Random Forest (Fig. 4) , it seems optimal to include the Elastic Net in the phenotype prediction pipeline.
Complementary features
Isoforms offer a complementary and non-redundant set of features for phenotype prediction. When selected fractional-based isoform features were converted to the respective gene name and compared to the list of gene features for the optimal RSEM-based pipeline, little overlap between the two lists of features was found. There was 4.49% overlap in the ALS dataset, 1.93% overlap in the COPD dataset and 0% overlap in the NSCLC dataset. This reinforces the importance of including isoform expression data in phenotype prediction analyses.
Conclusion
The results of this study support two major conclusions. First, we have identified an optimal pipeline for phenotype prediction by answering the previously discussed questions on the construction of such a tool. RSEM generally generated the highest isoform based Fig. 2 . Predictive power of pipelines that use RSEM with varying input datasets and filtering. AUC values were generated by running all input datasets through nine pipelines that all performed transcript quantification with RSEM, but varied in feature type (gene, isoform count, isoform fraction), use of filtering and machine learning algorithm (Random Forest, Elastic Net, SPLS). Predictive results for these pipelines are shown grouped by dataset and use of filtering Fig. 3 . Predictive power of pipelines that use RSEM with varying feature types and filtering. AUC values were generated by running all input datasets (NSCLC, ALS, COPD) through nine pipelines that all performed transcript quantification with RSEM, but varied in feature type (gene, isoform count, isoform fraction), use of filtering and machine learning algorithm (Random Forest, Elastic Net, SPLS) . Predictive values are shown grouped by feature type and whether filtering was applied Fig. 4 . Predictive power of pipelines that use RSEM with varying machine learning algorithms and filtering. AUC values were generated by running all input datasets (NSCLC, ALS, COPD) through nine pipelines that all performed transcript quantification with RSEM, but varied in feature type (gene, isoform count, isoform fraction), use of filtering and machine learning algorithm (Random Forest, Elastic Net, SPLS) . Predictive values are shown grouped by machine learning algorithm and whether filtering was applied AUC scores with MVP filtering compared to other transcript quantification tools. We have shown that feature selection via a filtering method, such as the MVP filtering algorithm, consistently increases AUC score. Overall, fractional-based isoform features can be analyzed using the Elastic Net to yield the most consistently accurate phenotype predictions. These methods have been built into an open source pipeline available via GitHub. Second, we have identified the complementary nature of isoform expression data. Isoform features provide nonredundant information and enhanced predictive power compared to gene features. Our paper addresses the necessity of including isoform expression data in phenotype prediction and biomedical data analysis.
Pipeline
The Phenotype Prediction Pipeline is implemented in R. Extensive documentation and the full source code are available at: https:// github.com/clabuzze/Phenotype-Prediction-Pipeline.git
